A novel miniaturized 1 × 10 uniform linear dual slant-polarized UWB antenna array for MIMO base station is presented. The antenna array operates in the frequency band from 1710 to 2690 MHz with a 17.3-18.7 dBi gain in a size of 105 × 1100 × 37 mm. The array element is composed of two single-polarized dipoles evolved from bow-tie antenna with slots on them, which miniaturize the size of the antenna. The 10 array elements are fed through an air dielectric strip-line power splitter. Two parameters, the beam tracking and the beam squint, are presented to quantitatively describe the pattern symmetry property of the antenna. The simulated and measured radiation performances are studied and compared. The results show that the pattern symmetry property of the single antenna element has been improved about 24% compared with the former study, and the antenna array also provides excellent pattern symmetry property.
Introduction
Multiple-input multiple-output (MIMO) is the use of multiple antennas at both the transmitter and the receiver to improve communication performance [1] . MIMO has attracted attention in wireless communications, because it offers significant increases in data throughput and link range without additional bandwidth or increased transmit power [2] . It achieves this goal by spreading the same total transmit power over the antennas to achieve an array gain that improves the spectral efficiency and/or to achieve a diversity gain that improves the link reliability (reduced fading) [3] . Because of these advantages, MIMO is an important part of modern wireless communication standards such as IEEE 802.11n (WIFi), 4G, 3GPP Long Term Evolution (LTE), WiMAX, and HSPA+ [4] . While coding and signal processing are key elements to successful implementation of a MIMO system, the propagation channel and the antenna design represent major parameters that ultimately impact the system performance. As a result, considerable research has been devoted recently to these two areas. For example, assessing the potential of MIMO systems requires a new level of understanding concerning multipath channel characteristics. Furthermore, while we have extensive information concerning the behavior of an antenna in multipath channels [5] , recent activity surrounding MIMO communications has exposed new issues related to the impact of antenna properties and the array configuration on the system performance. In [6] , a simulation study of the channel capacity of a MIMO antenna system exploiting multiple polarizations was carried out, while in [7] Perez and Ibanez analyzed the capacity of MIMO systems based on dual-polarized antenna array.
In modern mobile telecommunications industry, dual slant-polarized (+45 ∘ /−45 ∘ ) base station antennas are widely used for their good anti-multi-path property. Usually, in a 2G network, a dual slant-polarized base station antenna works in 1T2R mode (1 of the 2 channels for transmitting, both 2 channels for receiving). In 3G or LTE network, both 2 channels of the dual slant-polarized base station antenna might be used to transmit and receive the signal. In this case, highly symmetric proposed a modified dual-polarization horn antenna to improve radiation pattern symmetry and presented a method to evaluate the radiation pattern symmetry. They quantitatively analyzed the radiation pattern symmetry by comparing the normalized radiation pattern level of the E/H-plane at some specified angles including the −10 dB beam width point. The smaller the differences, the better the radiation pattern symmetry. Both the simulated and measured results have shown that the radiation pattern level differences increase as the angle increases within the −10 dB beam width range, so the difference at −10 dB beam width point can be considered as a characteristic to describe the radiation pattern symmetry. In this paper, it is called the beam tracking, which is defined as the maximum level difference between the two orthogonal polarizations normalized radiation patterns at the 10 dB beam width point, as shown in Figure 1 . The beam tracking can be expressed as
where − is the level of −45 ∘ polarization at the 10 dB point on the left, + is the level of +45 ∘ polarization at the 10 dB point on the left, − is the level of −45 ∘ polarization at the 10 dB point on the right, and + is the level of +45 ∘ polarization at the 10 dB point on the right. The smaller the beam tracking is, the better the symmetry of the radiation pattern is. Ideally, the value of beam tracking is expected to be 0, which means that the two patterns coincide completely at the 10 dB point. In [11] , the authors supposed that the boresight was the axis of symmetry of the antenna. However, for most antennas, the boresight is not the symmetry axis of the antenna, because the beam is always tilted to one side, more or less. In this case only the amplitude is not enough to describe the radiation pattern symmetry, but also the angular dimension, the beam squint. The beam squint is defined as the ratio of the boresight angle to the 10 dB beam width;
Beam squint = boresight angle 10 dB beam width .
Ideally, the value of beam squint is expected to be 0, which means that the boresight is just the symmetry axis of the antenna. The beam tracking and the beam squint describe the symmetric property of the dual-polarized antenna in the amplitude domain and the angular domain, respectively.
In this paper, a novel compact 1 × 10 dual slant-polarized antenna array with excellent pattern symmetry property is presented. The proposed antenna array operates in the frequency band from 1710 to 2690 MHz, with a size of 105 × 1300 × 37 mm. The fractional bandwidth of the antenna array is 44.5%, which could be classified as ultra wideband (UWB) antenna according to the definition of UWB antenna by the Federal Communications Commission (FCC) and the International Telecommunication Union Radio (ITU-R) [12] . The simulations of the proposed antenna are performed using the commercial electromagnetic simulation software HFSS. In the whole range of 10 dB beam width, the worst beam tracking of the array element is 0.40 dB, which has been improved about 24% compared with the result as 0.5398 dB in [11] . And the beam squint values are better than 1%. The antenna array also provides excellent pattern symmetry property. A prototype of the proposed antenna array was fabricated and measured in an anechoic chamber. The experimental measurements concerning the antenna parameters are found to be in good agreement with the numerical results.
Antenna Array Structure and Design

Antenna Array Element.
The pattern symmetry property of the antenna array is mainly decided by the properties of the array element, so the design of the array element is quite important. The geometry of the proposed antenna array element is shown in Figure 2 . The dual slant-polarized array element is composed of 2 evolved bow-tie antennas on a 105 mm wide reflector, and the total height is 37 mm. The evolutionary process from bow-tie antenna to the proposed array element is shown in Figure 3 . The bow-tie antenna is a kind of antenna with two flaring, triangular shaped arms, which is a typical wide band antenna [13] . By adding slot on the arms, the equivalent electrical length of the arms is increased, so as to miniaturize the dimensions of the antenna. The array element has a strictly symmetrical structure, which is expected to obtain good radiation symmetry property. The feeding structure of the array element is shown in Figure 4 .
International Journal of Antennas and Propagation By adjusting the shape and the dimensions of the inner conductor, the antenna can be matched to 50 Ω transmission lines in a bandwidth of 1710 MHz-2690 MHz. Besides that, there are some holes in the arms and some raised blocks at the edge of the arms, which are brought in to tune the return loss over the whole frequency band.
Antenna Array.
Based on the array element above, a uniform linear antenna array is designed. The proposed antenna array is composed of 10 elements, and the spacing between the elements was set to 110 mm based on the frequency characteristic. The structure of the antenna array is shown in Figure 5 . The antenna array is fed by two 1 to 10 air dielectric strip-line power splitters, which are connected with the 10 elements through several coaxial cables as shown in Figure 6 . The air dielectric strip-line has quite low transmission loss, which contributes to the gain of the antenna. The amplitude of each dipole could be conveniently adjusted by adjusting To dipole 3
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To dipole 2 Figure 6 : The feeding structure of the antenna array. 
Antenna Array Simulation and Measurement
A commercial electromagnetic simulation software HFSS is used to analyze the performance of the proposed antenna element and the antenna array. The weight of the amplitude and the phase of each element were optimized to achieve a low upper side lobe level, which is quite critical for a wireless telecommunication system base station. The antenna array has around 65 degrees beam-width in H-plane, which is quite suitable for base station of mobile communication. The beam tracking and the beam squint of the array element and the antenna array are calculated in E-plane and H-plane. The simulated results of the beam tracking are shown in Table 1 . The simulated beam squint results of the array element and the antenna array are shown in Tables 2 and 3 , respectively. The simulated results show that both the proposed antenna element and the antenna array have quite good pattern symmetry property. A prototype of the proposed antenna array was fabricated for measurement. The array elements were made of aluminum for its good processing property and coated with Tin to prevent the surface oxidation. The picture of the proposed antenna array prototype is shown in Figure 7 , while the numerical and measurement results concerning the frequency behavior of the parameters of the antenna are reported in Figure 8 .
The measurement of radiation patterns was carried out in an enclosed anechoic chamber. The simulated and the measured radiation patterns in H-plane and E-plane are shown in Figures 9 and 10 , respectively.
The simulated and the measured gain curves of the proposed antenna array are shown in Figure 11 . However, the measured gain data of the antenna is approximately 0.1 dB below the predicted values in the operation frequency band. The reason for this behavior is probably coupling within the cable loss and/or the nonideal power distribution of the power dividers.
International Journal of Antennas and Propagation The beam tracking and the beam squint of the array element and antenna array are measured in E-plane and Hplane; the measured results of the beam tracking are shown in Table 4 . The measured beam squint results of the array element and the antenna array are shown in Tables 5 and  6 , respectively. The measured array element beam tracking results are better than 0.40 dB, which is about 24% better than the results as 0.5398 dB in [11] . And the measured antenna array beam tracking results are better than 0.41 dB. Besides that, all the measured results of the beam squint are better than 1%. The measured data agree very well with the numerical results and show attractive pattern symmetry characteristics for a MIMO base station.
Conclusion
In this paper, a novel compact 1 × 10 dual slant-polarized antenna array with excellent pattern symmetry property has been proposed. The antenna array is composed of 10 dual slant-polarized antenna array elements, which evolved from the bow-tie antennas. The antenna array operates in the frequency band 1710-2690 MHz, with a size of 105 * 1300 * 37 mm only. Two parameters, the beam tracking and the beam squint, that quantitatively describe the pattern symmetry, were presented. The results show that the pattern symmetry property of the single antenna element has been improved about 24% compared with the former study, and the antenna array also provides excellent pattern symmetry property.
